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CONCEPTS FOR IMPROVING TURBINE DISK INTEGRITY

Albert Kaufman
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SUMMARY

The trend toward higher turbine-blade tip speeds and inlet gas temperatures makes
it increasingly difficult to design reliable turbine disks that can satisfy the life and per-
formance requirements of advanced commercial aircraft engines, Containment devices
to protect vital areas such as the passenger cabin, the fuel lines, and the fuel tanks
against high-energy disk fragments would impose a severe performance penalty on the
engine. The approach taken in this study was to use advanced disk structural concepts
to improve the cyclic lives and reliability of turbine disks. Analytical studies were con-
ducted under NASA contracts by the General Electric Company and Pratt & Whitney Air-
craft to evaluate bore-entry disks as potential replacements for the existing first-stage
turbine disks in the CF6-50 and JT8D-17 engines. Results of low-cycle fatigue, burst,
fracture mechanics, and fragment energy analyses are summarized for the advanced
disk designs and the existing disk designs with both conventional and advanced disk ma-
terials. Other disk concepts such as composite, laminated, link, multibore, multidisk,
and spline disks were also evaluated for the CF6-50 engine.

INTRODUCTION

A disk burst is one of the most catastrophic failures possible in an aircraft engine.
Flight failures of disks in commercial airliners have caused fires, rupture of fuel tanks,
penetration of passenger cabins, wing damage, ingestion of disk fragments by other en-
gines, and aircraft control problems (ref. 1).

Aircraft engine companies generally endeavor to use conservative design practices
and modern quality control procedures in producing turbine disks. However, failures
occur because of design errors, undetected manufacturing defects. uncontrollable oper-
ating factors, errors in engine maintenance and assembly, and faflure of other engine
components. To attempt to design turbine disks to preclude failure from any of these
causes would result in prohibitively low allowable stresses. Containment devices to
protect vital areas of the aircraft against high-energy disk fragments would impose
severe performance penaltics on the engine.

The approach taken in this program was dirccted toward improving turbine disk re-
liability by using more advanced structural concepts to increase low-cycle fatigue life.
to impede crack propagation, and to reduce fragment energies that could be generated
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in the event of a disk failure. This paper reports the results of NASA-sponsored ana-
lytical studies by the General Electric Company and Pratt & Whitney Aircraft (refs. 2
and 3) to evaluate bore-entry disks as potential replacements for the existing first-stage
turbine disks in the CF6-50 and JT8D-17 engines, respectively; these engines were
selected because of their extensive use in commercial passenger aircraft. Other con-
cepts such as composite, laminated, and multidisk designs were also studied for the op-
erating conditions of the CF6-50 engines.

The bore-entry disks were compared with the existing disks (henceforth called the
""standard disks") on the basis of cycles to crack initiation and overspeed capability for
initially unflawed disks and on the basis of cycles required to propagate initial flaws to
failure. Comparisons were also made of the available kinetic energies of possible burst
fragments. All of these comparisons were also made for the standard disk with the ma-
terial of the bore-entry disk so that improvements resulting from changes in material
properties could be distinguished from those resulting from structural design changes.

DISK CONCEPTS
CF6-50 Turbine Disk Designs

The standard disk and the disk concepts considered as potential replacements are
fllustrated in figure 1. The standard disk (fig. 1(a)) is machined from an Inconel 718
(Inc-718) forging. Local bosses on both sides of the disk provide reinforcement around
the bolt holes to increase the low-cycle fatigue life at the hole rims. Cooling air from
the compressor is channeled through the shaft, cools the disk bore, is pumped up
radially between the stage 1 and 2 rotors, cools the aft side of the disk between the bolt
holes and rim, and then enters the blades through openings in the dovetails.

The bore-entry disk (fig. 1(b)) is a two~-part disk of integral construction. The two
disk halves are connected by radial webs for channeling coolant up the center of the disk
from the bere to the blades. Among the advantages of the bore-entry concept are im-
proved cooling effectiveness, reduced axial thermal gradients, and increased resis-
tance to crack propagation in the axial direction. One of the main attractions of the
bore-entry concept for the CF6 program was that it lent itself to a redundant construc-
tion where the disk would be overdesigned so that if half was failing, the undamaged disk
half would be able to assume a larger portion of the load and sustain the damaged part;
however, this would require a substantial increase in total disk weight. The integral
bore-entry disk would be fabricated from a single-piece forging of Rene 95 alloy with the
material between disk halves removed by clectrochemical machining,

The composite disk (fig. 1(c)) uses high-strength filament or wire hoops to provide
most of the load-carrying ability of the disk cxcept at the dovetail attachments. The
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3 hoops would have to be pretensioned in order to assurc an even load distribution among
the filaments; this could be accomplished by filament winding, by interference fitting,
or by the selection of filament and matrix materials so that the desired hoop pretension
would be applied by differential thermal expansion under engine operating conditions.
In the laminated design (fig. 1(d)), a disk is constructed by bolting together a large
' number of sheet-metal laminates. A stepwise variation in thickness provides more
5 laminates at the rim and bore but leaves gaps between laminates in the web region. In
: the link design (fig. 1(e)) a disk is constructed of pinned sheet-metal link segments.
Both the laminate and link concepts are directed toward low-cost fabrication, isolation
of propagating cracks, and generation of small burst fragments rather than toward im-
proving disk life.

The multibore disk (fig. 1(f)) separates the highly stressed bore region into a num-
ber of circumferential ribs in order to prevent a crack or flaw at the bore from propa-
gating axially, At the ends of the ribs, the tangential stresses due to centrifugal loading
would be less and, therefore, the crack propagation rate should be slower than at the
bore of the standard disk.

The purpose of the multidisk design (fig. 1(g)) is to obtain improved disk cooling
and to provide for a redundant construction by transference of loads from a failed disk
member to the undamaged ones through the bolts. The spline disk (fig. 1(h)) is essen-
tially a two-piece design where the members are coupled through splines on their center
faces. In order to counter the tendency of each disk half to straighten out due to the
lack of axial symmetry, the splines would have to be radially interlocked through pins.

: The mechanical coupling of the multidisk and spline designs prevents cracks in one disk
X member from propagating to another.
B These concepts are described in more detail in reference 2.

JT8D-17 furbine Disk Designs

The standard disk shown in figure 2(a) is machined from a Waspaloy forging. Cool-
ing air is bled from the combustion chamber liner and discharged at high velocity
through nozzles toward the front side of the disk near the rim. The cooling air is de-
livered to the blades through angle d holes at the disk rim. These holes result in cllip-
tical exit openings with high stress concentrations: these are the limiting low-cycle
fatigue locations.

A split~-bonded, bore-entry concept was selected as a possible replacement for the
standard disk. As with the integral bore-entry disk (fig. 1(®)) for the CF6-50 turbine,
cooling air would be introduced at the bore, would be pumped up radially through chan-
nels formed by radial webs, and would cnter the blades through openings in the bases.
The two halves of the bonded bore-entry disk would be fabricated from separate forgings
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of Astroloy and diffusion brazed together at the center surfaces of the radial webs.
Dovetail broaching and final machining operations would be performed on the bonded disk
assembly. The emphasis in the design of the bonded bore-entry disk was on improving
the cyclic life without providing redundarcy or increasing the disk weight.

DESIGN CONDITIONS

Design properties of the materials for the standard and bore-entry disks are pre-
sented in table I. The simplified flight cycles used for the cyclic heat transfer and
stress analyses are shown in figure 3 for the CF6-50 engine and in figure 4 for the
JT8D-17 engine. The flight cycle shown in figure 4 was the cycle used in the original

design of the first-stage turbine disk for the JT8D-17 engine. The analytical methods
arc discussed in references 2 to 4.

DISCUSSION OF RESULTS
Preliminary Analyses of CF6-50 Disk Concepts

The results of preliminary analyses of the seven candidate design disk concepts are
summarized in table II. Two of the designs, the laminated and link disks. proved to
have excessive mechanical stresses and to be unsuitable for the CF6 operating condi-
tions. The multibore design exhibited high transient thermal stresses in the region
above the bore rims; therefore, the desired benefit of this design in retarding the prop-
agation of rib flaws was not fully realized. Analysis of the multidisk design under var-
fous failure conditions revealed that the bolts could not contain a failed outer disk and
that a crack in a center disk would reach critical length before the load could be redis-
tributed to the undamaged members.

Only the bore-entry, composite, and spline disks appeared suitable for the CF6-50
turbine disk applications. From the standpoint of strength-to-density ratio, the compo-
site disk was the most promising concept. However, the composite design is furthest
removed from the current state-of-the-art of fabrication and material proccssing tech-
nology of any of the concepts considered. Because of the considerable fabrication de-
velopment that would be required, the composite disk was not further considered. The
splinc disk presented special problems in analysis because the load distribution among
the splines is dependent on the fabrication tolerances and it is not readily apparent how
the loading would be redistributed should one disk-half fail. The integral construction
of the bore-entry disk gives more assurance that the loading due to a failed disk mem-
ber would be more evenly redistributed on the undamaged member. The integral bore-
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entry concept was, therefore, selected for more detailed study to replace the CF6-50
standard disk.

Analyscs of CF6-50 Standard and Borce-Entry Disks

The rim and bore average temperature responses during the flight eycle of the stan-
dard and bore-entry disks are shown in figure 5. Average offective stresses are also
indicated at the start and end of takeoff, climb, cruise, and thrust reversal on descent.
In both disks the maximum rim and bore temperatures occurred at the end of takeoff and
climb, respectively, the maximum stresses also occurred in the bore at the end of
climb,

Bore temperatures in the bore-entry disk are only slightly lowcr than bore
temperatures in the standard disk since the bore is cooled in both cases. Rim tempera-
tures were somewhat higher in the bore-entry disk because the coolant picks up some
heat from the center faces of the disk, whereas thc coolant only comes into contact with
the sides of the standard disk near the rim.

Figure 6 shows the predicted cyclic lives to crack initiation in the initially unflawed
standard and bore~-entry disks. The limiting fatigue life of 30 000 cycles in the Inc-718
standard disk was at the aft dovetail post rabbet, where the side plate is fastened to the
disk. This location was not further considered in the study because fragment generation
due to failure would be limited to the dovetail post and adjacent blades. The next most
critical location in the Inc-718 standard disk was at the bore with a predicted crack ini-
tiation time of 63 000 cycles. The initial FAA certified life of the first-stage turbine
disk was 7800 cycles based on one-third of the minimum design life for the original de-
sign cycle, which was somewhat different from the simplified cycle used in this study,
this FAA approved life is subject to increase as the result of ground tests of three fleet
leader engines.

Calculated crack initiation lives for the René 95 standard and borc-entry disks were
over 100 000 cycles. Since the crack initiation analyses were based on minimum guar-
anteed material propertics, it is evident that even the standard disk is very conserva-
tively designed provided the design conditions are not exceeded and the disks are ini-
tially unflawed.

The cyclic lives for cracks propagating from initial semielliptical surface flaws
0.635 centimeter (0.250 in,) by 0,211 centimeter (0,083 in.) to eritical crack size are
shown in figure 7 for the most critical locations in the three disks, Manufacturing flaws
of this size should be readily detectable by modem nondestructive evaluation technique...
However, in the past, large defeets in turbine disks have occasionally escaped detection
through human crror and have caused problems in some military engines in flight,

The most critical locations for flaws were at the dovetail slet bottom in the Ine-718
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stancard disk and at the bore in the René 95 standard and boro-entry disks,  Although
the bore-entry disk showed an improvement in the minimum crack propagation life of
more than 300 perecent as comparved with the Ine=718 standard disk, part of this increase
was due to the superior strength properties of the René 95 alloy.  If the offect of differ-
ent materials was eliminated by comparing the bore-flawed boro-entry and René 95
standard disks, the improvement in crack propagation life resulting solely from the
structural change was 136 percent.

The erack propagation lives given in figure 7 for the Inc-718 standard disk with a
dovetail slot bottom flaw and the bore-centry disk with a bore flaw are only 5 and 20 per-
cent of the FAA certified life of the disk. lHowever, the probability of such large flaws
occurring at critical locations and passing modern inspection procedures is statistically
remote.  Of greater significance is that a substantial improvement in the crack propaga-
tion life is added insurance against sudden catastrophic failure due to unforeseen design,
manufacturing, maintenance, or operating problems. The overspeed burst margins of
the boro-entry disk were 18 and 11 percent greater than for the Inc-718 and René 95
standard disks, respectively.

The redundunt construction of the hore~centry disk resulted in an increase in weight
of 66 percent over the standard disk. This extra weight is equivalent to an increasc of
0.29 percent in installed specific fuel consumption (SF'C) for an average DC10-30 air-
craft flight.

The extra disk weight could also be added to the standard disk design to reduce the
centrifugal stresses due to the blade loads. lowever, this mechanical stress reduction
would probably be offset by the increased transient thermal stresses resulting from the
slower thermal response of the bulkicr disk. Also, a heavier standard disk would lack
the redundancy of the bore-entry disk and would gencrate even higher fragment energies
from a burst disk.

Some possible fragment patterns resulting from manufacturing flaws are illustrated
in table III. 'The available kinetic energies that would be generated from these failures
arc also indicated. The highest cnergy fragments are caused by failures initiating at
and propagating radially from the bore, as shown by the 120° disk and blade fragment
pattern for the standard disk in table I1l. However, the redundunt construction of the
integral bore-entry disk would enable the undamaged member to contain such a failed
pirt. The only possibility of a segment separating in this way would be if the radial
failure propagated through a web to the opposite disk fuce; however, this is highly un-
likely because the total thickness for all the webs is only 20 percent of the bore circum-
ference and, as one web started failing, its load would be transferred to adjacent webs.
The most likely mode of fragment generation is a rim fragment resulting from defects
or cruack initiation sites at the dovetail slot bottom or bolt hole rim.  Bascd on spin pit
experience, the rim-initiated erack would result in the loss of three dovetail posts and
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four blades, as shown in table 11, ‘The fragment encrgy of the hore-entry disk rim
fragment was only about 10 pereent of the 1209 disk segment that was assumed to be
generated from a bore defeet in the stindard disk,

Analyses of JTRD=17 Standard and Bore=Entry Disik

The average temperature responses for the JT8D=17 turbine disks in figure 8 show
consistently lower bore and rim temperatures throughout the eycle in the bore-entry
disk as compared with the standard disk. The lower temperatures in the bore-entry
disk were the result of its superior cooling effectiveness and the use of cooling air bled
from the compressor midstage. Muximum temperatures and stresses oceurred at the
end of takeoff and climb, respcctively.

Predicted cyclic lives for the initially unflawed standird and bore-entry disks are
presented in figure 9. The FAA-certified life of the Waspaloy stundard disk is 16 000
cycles based on the limiting low~-cycle fatigue life at the exit of the cooling air hole.
These results indicate an improvement in the eyclic erack initiation life of the Astroloy
bore-entry disk of 88 percent over the Waspaloy standard disk and 67 percent over the
Astroloy standard disk. The most critical location in the bore-entry disk was in the
bore region at the entrance to the cooling air channel.

Defects and manufacturing flaws in the JT8D-17 turbine disks were considered for
the critical locations indicated in figure 10. Subsurface flaws of 0. 119 centimeter
(0.047 in.) in diameter were assumed in the bore and web regions for all three disks;
this diameter was selected because it is at the threshold of detectability by ultrasonic
inspection. The web flaws shown in figure 10 were at the radius of maximum radial
stress in the standard disks and at the radius of maximum axial stress at the bond sur-
face in the bore-entry disks. The surface flaws at the disk rim or bore were assumed
to be 0.081 centimeter (0.032 in.) in length,

The most critical location in the Waspaloy standard disk for a flaw was at the cxit
of the cooling air hole with a predicted crack propagation life of 2900 cyeles.  Substi-
tuting Astroloy propertics for the Waspaloy reduced the caleulated erack propagation
life to 1150 cycles because of the lower ductility.  Towever, there are indications that
if the crack propagation data had included hold-time effeets, the erack propagation life
of the Astroloy standard disk would have been superior to that of the Waspaloy standard
disk. This would also mean that the values given in figure 10 for the bore-entry disk
arc too low,

The calculated improvement in the minimum crack propagation life of the bore-
entry disk over the Waspaloy standard disk was 124 pereent. ‘This improvement is sig-
nificant in increasing the capability of the disk to survive uncontrollable factors that
might result in catastrophic failurce of conventionally designed disks. There was a
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slight reduction in the overspeed burst margin of the hore-entry disk as compared with
the standard disk because the overall disk weight was kept constant and thut portion of it
duce to the radial webs was of small structural importance.

A substantial reduction in fragment energy is shown in table H1 for the JTRD- L7
bonded bore-entry disk even though it was not designed for redunduney,  This improve-
ment would result from the confinement of the fragmentation from a hore flaw to one
disk half; the other half would probably experience failure at the rim from the increasced
blade loading.

CONCLUDING REMARKS

Some advanced turbine-disk structural concepts have been analytically studied as
potential replacements for the cxisting first-stage turbine disks in the CF6-50 and
JT8D-17 engines. An integral bore-entry design was selected for more detailed evalua-
tion for the CF6-50 engine as a result of preliminary analyses of seven disk concepts in-
including composite, laminated, and multidisk designs. The integral bore-entry turbine
disk was designed to improve disk life and to prevent high-energy fragmentation by using
redundant construction at the expense of an increase in disk weight.

A split-bonded, bore-entry design was selected for evaluation for the JT8D-17 en-
gine. This bore-entry disk was designed to improve disk life without redundance or an
increase in disk weight.

Cyclic thermal, stress, and fracturc mechanics analyses of the bore-entry and
standard disks demonstrated that substantial improvements in the cyclic lives of both
initially unflawed and flawed disks could be achieved with the bore-centry disk designs.
The benefits of the advanced disk designs are influenced by differences in design philos-
ophy, disk cooling method, fabrication procedure. and engine operating characteristics,
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TABLE 1. » DESIGN PROPERTIFS OF 5URBINT DISK MATE RIALS

Propoerty CPo=00 enpne ATRD-17 engine

”

Ine=T18 | René 90 ] Waspaloy | Astioloy

Ultimate tensile strength, N/em?
At 204 K 126000 | 150 Gou 121 oo IRERUT
At 811 K 110 004 {115 oun 11 oo 117 oo

Yield strength (0.2 percent offset) N/em®
At 204 K 1 00 | 116G o nh U i oo
At811 K g2 oo | 110 oo A W7 (00O

Elongation at faflure. percent:

At 284 K 20 %5 24 19
At811 K o1 L 2 1o
1000-Hour rupture strength at 867 K, .\'f’vm2 bR 004 | 103 ooy T s i 000
Stress range for crack inftiation in 10 00U cyeles K1 UBO | u uoy RS 000 [ o aen

at 811 K (minimum stress, zero)r, N/em®

372

Critical stress intensity factor at 884 K, N/ vm: 93 000 | %x 000 e 000 [ s ovo

TEstimated.

TABLE I, - RESULTS OF PRELIMINARY ANALYSES OF CFu=30 DISK CONCEPTS

[ Disk concepts Advantages Disadvantages

Bore entry | Redundancey, tmproved thermal | Increased velght to provide 1ee
response, longer lfe dundant desipn

Composite Reduced stress levels, longer | Limjted matertal possibilitios

cyvelie dife tabrication development 1w
quired
Laminated Redundanes  low fragment Excessinve weight  high stresces
energy, low cost at holts and bolt holes  thermal
mismatches between laminatos
Link Redundaney  low fragment Excessive link stresses dift-
cherpd, Jow cost cult to seal dish to prevent
coolant leahape
—-—— ._..,,._*..._.. ——
Multihore Ribs prevent axial flow High transtent theimal stiesces
propagation at bore at rih outer diameter
. . e+ e
Multidisk Improved thermal response, the reased weight bolts would
some redundances taal of outer disk faded  no load
shitt it mner disk tnded
Spline Redundanes, longer lie Inereased weght to provide ree

dundant desgen ditficult to
anaby ce ol shibt wath ong Ll
dish
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TARLE U - PRAGMENT INe RGUEES O TURBING DISK DESIGNS

Dish design

b ragment pattemn

Avatlable kinetie enetgy
J

¢ F6- 50 standand dish

1 172 500

RN TRSRINWENSR BN oo

o

CF6-50 integral bore- 110 500
entry dish Inttsal flaw -~
Initial Haw -

JTRD-17 standnrd disk 678 600

Initial

flaw =~
J180-17 bonded bore- 51% VU0
entry disk

Front half Rear hall
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Figure 5.,- CF6-50 turbine disk temperature response.
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Figure 7.~ Crack propagation lives of CF6-50 first-stage turbine disk designs.,
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